Introduction
============

Gastric cancer is one of the most common cancers worldwide, ranking fifth as the most common malignancy after lung, breast, colorectum, and prostate cancer.[@b1-dddt-9-1293],[@b2-dddt-9-1293] Gastric cancer is the second leading cause of cancer-related death.[@b2-dddt-9-1293],[@b3-dddt-9-1293] There were 952,000 new cases of gastric cancer worldwide in 2012.[@b4-dddt-9-1293] In the USA, there were about 74,035 people living with gastric cancer in 2011.[@b5-dddt-9-1293],[@b6-dddt-9-1293] In 2014, there have been about 22,220 new cases of gastric cancer, accounting for 1.3% of all new cancer cases. There are about 10,990 gastric cancer-related deaths, accounting for 1.9% of all cancer-related deaths.[@b2-dddt-9-1293],[@b5-dddt-9-1293] In the People's Republic of China, gastric cancer is the third leading cause of cancer-related death after lung and liver cancer, with 24.71 cases per 100,000 in 2004--2005.[@b2-dddt-9-1293],[@b3-dddt-9-1293] It accounts for 8.8% of cancer-related deaths.[@b2-dddt-9-1293],[@b3-dddt-9-1293] Current treatment for gastric cancer includes surgery, chemotherapy, radiation therapy, chemoradiation, and targeted therapy. However, the prognosis is still quite unsatisfactory, with a 5-year overall survival rate of 28.3%.[@b2-dddt-9-1293] Moreover, chemotherapeutic drugs, including cisplatin, 5-fluorouracil, and trastuzumab, often cause severe side effects and drug resistance, resulting in therapeutic failure in the treatment of gastric cancer. Therefore, there is an urgent need to develop new agents with improved efficacy and reduced side effects to treat gastric cancer.

The Aurora serine-threonine kinases play a critical role in the regulation of mitosis.[@b7-dddt-9-1293] The Aurora kinase family was discovered in 1995, and there are three mammalian Aurora kinases, including Aurora kinase A/B/C (AURKA/B/C).[@b8-dddt-9-1293] They differently localize in cells with differential kinetics of activation and function.[@b7-dddt-9-1293] AURKA and AURKB act as essential regulators of mitosis and the centrosome by polymerizing microfilaments and controlling chromatid segregation, but the function of AURKC is less clear.[@b7-dddt-9-1293] Aurora kinases are key regulators of cell division,[@b9-dddt-9-1293] controlling entry into mitosis, centrosome function, chromosome assembly, and segregation.[@b10-dddt-9-1293] Deregulation of the activity and expression of Aurora kinases can result in aneuploidy and carcinogenesis.[@b11-dddt-9-1293] Recently, increasing evidence implicates the Aurora kinases in the pathogenesis of various types of cancer, drug resistance, and tumor recurrence.[@b7-dddt-9-1293],[@b11-dddt-9-1293] It has been reported that overexpression or activation of AURKA and AURKB promotes development of gastric cancer, with increased gastric cancer cell viability, proliferation, migration, and invasion.[@b12-dddt-9-1293]--[@b16-dddt-9-1293] Therefore, targeting Aurora kinase has been considered to be a promising strategy in the treatment of gastric cancer.

A number of Aurora kinase inhibitors have been developed, and have shown variable efficacy at different stages of preclinical and clinical trials (Ding et al, unpublished data, 2014; Yuan et al, unpublished data, 2014).[@b17-dddt-9-1293] Danusertib ([Figure 1A](#f1-dddt-9-1293){ref-type="fig"}), formerly known as PHA-739358, is a potent pan-Aurora kinase inhibitor with activity against all Aurora kinase family members.[@b18-dddt-9-1293] Danusertib has been studied in Phase I and II trials, and has shown considerable therapeutic potential in a wide range of cancers, including advanced solid tumors and leukemias.[@b19-dddt-9-1293],[@b20-dddt-9-1293] However, there is no report on use of danusertib for the treatment of gastric cancer, and the effect of danusertib in gastric cancer is unknown. In the present study, we aimed to explore the anticancer effect and possible mechanisms of danusertib in human gastric cancer AGS and NCI-N78 cells, with a focus on cell cycle distribution, apoptosis, autophagy, and epithelial to mesenchymal transition (EMT).

Materials and methods
=====================

Chemicals and reagents
----------------------

4,6-Diamidino-2-phenylindole was obtained from Invitrogen (Carlsbad, CA, USA). Dulbecco's Modified Eagle's Medium and Roswell Park Memorial Institute-1640 medium were sourced from Corning Cellgro Inc (Herndon, VA, USA). Dulbecco's phosphate-buffered saline, fetal bovine serum, phosphatase inhibitor cocktail, protease inhibitor cocktail, propidium iodide, 50 mmol 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), ethylenediaminetetraacetic acid, RNase A, and thiazolyl blue tetrazolium bromide (MTT) were purchased from Sigma-Aldrich Inc (St Louis, MO, USA). SB202190, 4-(4-fluorophenyl)-2- (4-hydroxyphe nyl)-5-(4-pyridyl)1*H*-imidazole, a selective inhibitor of p38 mitogen-activated protein kinase (MAPK), used as an autophagy inducer, and wortmannin (WM, a potent, irreversible, and selective phosphatidylinositol 3-kinase \[phosphatidylinositol-4 5-bisphosphate 3-kinase\] inhibitor and a blocker of autophagosome formation) were obtained from InvivoGen Inc (San Diego, CA, USA). An Annexin V:phycoerythrin (PE) apoptosis detection kit was purchased from BD Biosciences Inc (San Jose, CA, USA). A Cyto-ID^®^ autophagy detection kit was obtained from Enzo Life Sciences Inc (Farmingdale, NY, USA). A Pierce bicinchoninic acid protein assay kit, skim milk, and Western blotting substrate were purchased from Thermo Scientific (Hudson, NH, USA). A polyvinylidene difluoride membrane was obtained from EMD Millipore (Bedford, MA, USA). Primary antibodies against human cyclin B1, cyclin-dependent kinase 1 (CDK1/CDC2/CDKN1), p21 Waf1/Cip1, p27 Kip1, p53, cytochrome c, Bcl-2-like protein 4/Bcl-2-associated X protein (Bax), B-cell lymphoma-extra large (Bcl-xl), B-cell lymphoma 2 (Bcl-2), cleaved (c-)caspase 9, c-caspase 3, p53 upregulated modulator of apoptosis (PUMA), phosphatidylinositol 3-kinase (PI3K), phosphorylated (p-)PI3K/p85 at Tyr458, 5′ AMP-activated protein (AMPK), p-AMPK at Thr172, p38 MAPK, p-p38 MAPK at Thr180/Tyr182, protein kinase B (Akt), p-Akt at Ser473, mammalian target of rapamycin (mTOR), p-mTOR at Ser2448, phosphatase and tensin homolog (PTEN), beclin 1, microtubule-associated protein 1A/1B-light chain 3 (LC3-I), LC3-II, E-cadherin, N-cadherin, vimentin, slug, snail, and β-catenin were all purchased from Cell Signaling Technology Inc (Beverly, MA, USA). The antibody against human β-actin was sourced from Santa Cruz Biotechnology Inc (Santa Cruz, CA, USA).

Cell lines and cell culture
---------------------------

Human gastric cancer AGS and NCI-N78 cells were obtained from the American Type Culture Collection (Manassas, VA, USA) and maintained in Dulbecco's Modified Eagle's Medium (AGS cells) and Roswell Park Memorial Institute-1640 medium (NCI-N78 cells) supplemented with 10% heat-inactivated fetal bovine serum and 1% penicillin/streptomycin in a 5% CO~2~/95% air humidified incubator at 37°C. AGS and NCI-N78 are the cell lines most commonly used in the investigation of the cancer cell-killing effect and underlying mechanisms of new compounds in human gastric adenocarcinoma. They exhibit remarkable differences in origin and cytogenetics. Danusertib was dissolved in dimethyl sulfoxide at a stock concentration of 50 mM and stored at −20°C. It was freshly diluted to the predetermined concentration with culture medium. The final concentration of dimethyl sulfoxide was 0.05% (v/v). The control cells received vehicle only.

Cell viability assay
--------------------

The effect of danusertib on the viability of AGS and NCI-N78 cells was examined using the MTT assay as previous described.[@b21-dddt-9-1293] Briefly, AGS and NCI-N78 cells were seeded into a 96-well plate at a density of 8,000 cells/well. After 24 hours of incubation, the cells were treated with danusertib at concentrations ranging from 0.01 to 10 μM for 24 hours with a volume of 100 μL medium. Following treatment with danusertib, 10 μL of MTT stock solution (5 mg/mL) was added to each well and incubated for 4 hours. The medium was then carefully aspirated and 100 μL of dimethyl sulfoxide was added to each well. The plate was placed on a rocker to mix the solution thoroughly for one minute and then incubated at 37°C for 10 minutes. Absorbance was measured using a Synergy H4 Hybrid microplate reader (BioTek Inc, Winooski, VT, USA) at a wavelength of 450 nm. The concentration required for 50% inhibition of growth (IC~50~) was determined from concentration-response curves obtained in multireplicated experiments by nonlinear regression analysis using GraphPad Prism 6 software (San Diego, CA, USA). The experiment was performed at least three times.

Analysis of cell cycle distribution
-----------------------------------

The effect of danusertib on the cell cycle distribution of AGS and NCI-N78 cells was examined using flow cytometry as previously described.[@b21-dddt-9-1293] Briefly, AGS and NCI-N78 cells were treated with danusertib at concentrations of 0.01, 0.1, and 0.5 μM for 24 hours. In separate experiments, AGS and NCI-N78 cells were treated with 0.5 μM danusertib for 4, 8, 12, 24, 48, and 72 hours. After the cells were treated with danusertib, they were trypsinized and fixed in 3 mL of 70% ethanol at −20°C overnight. Following fixation, the cells were collected and resuspended in 1 mL of phosphate-buffered saline containing 1 mg/mL RNase A and 50 μM/mL propidium iodide. The cells were then incubated in the dark for 30 minutes at room temperature. A total number of 1×10^4^ cells were subject to cell cycle analysis using a flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA).

Quantification of cellular apoptosis
------------------------------------

The effect of danusertib on apoptosis of AGS and NCI-N78 cells was quantitated using the Annexin V:PE apoptosis detection kit according to the manufacturer's instructions. Cells were treated with danusertib at concentrations of 0.01, 0.1, and 0.5 μM for 24 hours and then trypsinized and washed twice with cold phosphate-buffered saline. The cells were then resuspended at a concentration of 1×10^6^/mL cells in 1× binding buffer (BD Biosciences Inc). A quota of cell suspension (100 μL) was transferred into a clean 5 mL tube and incubated with 5 μL of Annexin V:PE and 5 μL of 7-amino-actinomycin D (a vital nucleic acid dye) in the dark for 15 minutes at room temperature. A quota of 1× binding buffer (400 μL) was then added to each tube, and the number of apoptotic cells was quantified using a flow cytometer within one hour of adding the binding buffer. Cells that stain positive for Annexin V:PE and negative for 7-amino-actinomycin D are undergoing apoptosis, cells that stain positive for both Annexin V:PE and 7-amino-actinomycin D are either in the final stage of apoptosis, are undergoing necrosis, or are already dead, and cells that stain negative for both Annexin V:PE and 7-amino-actinomycin D are alive and not undergoing measurable apoptosis.

Determination of cellular autophagy
-----------------------------------

To determine the effect of danusertib on autophagy in AGS and NCI-N78 cells, the intracellular autophagy level was examined using flow cytometry as previous described.[@b21-dddt-9-1293] Briefly, the cells were treated with fresh medium alone, control vehicle alone (0.05% dimethyl sulfoxide, v/v), or danusertib at 0.01, 0.1, and 0.5 μM for 24 hours. After 24 hours of incubation, the cells were trypsinized and collected with 1× assay buffer containing 5% fetal bovine serum. The cells were resuspended in 250 μL of phenol red-free culture medium (Invitrogen Inc) containing 5% fetal bovine serum, and 250 μL of diluted Cyto-ID Green stain solution was added to each sample and mixed well. The cells were incubated for 30 minutes at 37°C in the dark. Following incubation, the cells were collected by centrifugation at 250× *g* for 3 minutes and washed with 1× assay buffer. Subsequently, the cells were resuspended in 500 μL of fresh 1× assay buffer containing 5% fetal bovine serum and subject to flow cytometric analysis within one hour of adding they assay buffer. Cells were analyzed using the green (FL1) channel of a flow cytometer.

Confocal fluorescence microscopy
--------------------------------

Confocal microscopic analysis was performed to further examine the cellular autophagy level and the mechanisms of danusertib-induced autophagy in AGS and NCI-N78 cells using a Cyto-ID autophagy detection kit. Briefly, AGS and NCI-N78 cells were seeded into an 8-well chamber slide at 30% confluence. The cells were treated with danusertib at 0.01, 0.1, and 0.5 μM for 24 hours. In separate experiments, to investigate the mechanisms for danusertib-induced autophagy, cells were pretreated with 10 μM WM (a PI3K inhibitor and autophagy blocker) and 10 μM SB202190 (a selective inhibitor of p38 MAPK used as an autophagy inducer), and then cotreated with 0.5 μM danusertib for a further 24 hours. After incubation for 24 hours, the cells reached \~60% of confluence and were washed with 1× assay buffer, following by incubation with 100 μL of microscopy dual detection reagent for 30 minutes at 37°C in the dark. After incubation, the cells were washed with 1× assay buffer to remove the detection reagent, and then examined using a TCS SP2 laser scanning confocal microscope (Leica, Wetzlar, Germany) using a standard fluorescein isothiocyanate filter set for imaging the autophagic signal at wavelengths of 405/488 nm.

Western blot analysis
---------------------

The levels of various cellular proteins related to the cell cycle, apoptosis, and autophagy were determined using Western blotting assays. AGS and NCI-N78 cells were washed with phosphate-buffered saline after 24 hours of treatment with danusertib at 0.01, 0.1, and 0.5 μM, and lysed on ice with lysis buffer (HEPES at pH 7.5, 150 mmol NaCl, 10% glycerol, 1.5 mmol MgCl~2~, 1% Triton-X 100, 1 mmol ethylenediaminetetraacetic acid at pH 8.0, 10 mmol sodium pyrophosphate, 10 mmol sodium fluoride, phosphatase inhibitor cocktail, and protease inhibitor cocktail) and centrifuged at 3,000× *g* for 15 minutes at 4°C. The supernatant was collected and the protein concentrations were measured using the Pierce bicinchoninic acid protein assay kit. An equal amount of protein sample (30 μg) was resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) sample loading buffer and electrophoresed on 7% or 12% SDS-PAGE minigel after thermal denaturation at 95°C for 5 minutes. The proteins were transferred onto a polyvinylidene difluoride membrane at 400 mA for one hour at 4°C. The membranes were blocked with skim milk and probed with the indicated primary antibody overnight at 4°C, and then blotted with appropriate horseradish peroxidase-conjugated secondary anti-mouse or anti-rabbit antibody. Visualization was performed using an enhanced chemiluminescence kit (BioRad Inc, Hercules, CA, USA) and the blots were analyzed using Image Lab 3.0 (BioRad Inc). The protein level was normalized to the matching densitometric value of the internal control, β-actin.

Statistical analysis
--------------------

The data are presented as the mean ± standard deviation. Comparisons of multiple groups were achieved by one-way analysis of variance followed by Tukey's multiple comparison procedure. Differences at *P*\<0.05 were considered to be statistically significant. The assays were performed at least three times independently.

Results
=======

Danusertib decreases viability of human gastric cancer AGS and NCI-N78 cells
----------------------------------------------------------------------------

The MTT assay was performed to determine the effect of danusertib on the viability of AGS and NCI-N78 cells. The results are shown in [Figure 1B](#f1-dddt-9-1293){ref-type="fig"}. Incubation of cells with danusertib at concentrations ranging from 0.01 to 10 μM for 24 hours led to remarkable inhibition of growth of AGS and NCI-N78 cells ([Figure 1B](#f1-dddt-9-1293){ref-type="fig"}). Viability of AGS cells was 63.0%, 57.5%, 51.1%, 60.7%, 45.7%, and 39.5%, and that of NCI-N78 cells was 76.2%, 63.7%, 49.5%, 62.5%, 42.0%, and 48.7% when the cells were treated with danusertib at concentrations of 0.01, 0.1, 0.5, 1, 5, and 10 μM, for 24 hours, respectively. The IC~50~ values were 1.45 and 2.77 μM for AGS and NCI-N78 cells, respectively. The results show that danusertib had a potent inhibitory effect on growth of AGS and NCI-N78 cells.

Danusertib induces cell cycle arrest in G~2~/M phase in AGS and NCI-N78 cells
-----------------------------------------------------------------------------

Having observed the inhibitory effect of danusertib on the viability of AGS and NCI-N78 cells, we next examined the cell cycle distribution of these cells when they were treated with danusertib 0.01, 0.1, and 0.5 μM. The data show that danusertib induces significant cell cycle arrest in the G~2~/M phase in both cell lines ([Figure 2A and B](#f2-dddt-9-1293){ref-type="fig"}). Treatment of AGS and NCI-N78 cells with danusertib increased the numbers of cells in G~2~/M phase in a concentration-dependent manner. In comparison with the control cells (29.1%), the percentage of AGS cells arrested in G~2~/M phase was 80.2% and 83.2% when treated with danusertib 0.1 and 0.5 μM, respectively (*P*\<0.001, [Figure 2A and B](#f2-dddt-9-1293){ref-type="fig"}). Similarly, compared with the control cells (10.5%), the percentage of NCI-N78 cells arrested in G~2~/M phase was 46.5% and 62.9% when treated with danusertib 0.1 and 0.5 μM, respectively (*P*\<0.001, [Figure 2A and B](#f2-dddt-9-1293){ref-type="fig"}). Treatment with danusertib resulted in a marked decrease in numbers of AGS and NCI-N78 cells in G~1~ phase. The percentage of AGS cells in G~1~ phase decreased from 58.3% at the basal level to 15.3% and 10.1% when treated with danusertib 0.1 and 0.5 μM, respectively ([Figure 2A and B](#f2-dddt-9-1293){ref-type="fig"}). The percentage of NCI-N78 cells decreased from 65.6% at the basal level to 37.6% and 20.4% when treated with danusertib 0.1 and 0.5 μM, respectively ([Figure 2A and B](#f2-dddt-9-1293){ref-type="fig"}). However, there was no significant difference in the numbers of cells in S phase in either cell line when treated with danusertib.

Further, we evaluated the effect of treatment with 0.5 μM danusertib on cell cycle distribution lines over 72 hours in both cell lines. The results show a marked increase in the number of cells in G~2~/M phase but a decrease in the number of cells in G~1~ phase ([Figure 3A and B](#f3-dddt-9-1293){ref-type="fig"}). In comparison with the control, the percentage of AGS cells in G~2~/M phase was increased from 13.8% at the basal level to 30.4%, 44.2%, 43.2%, 80%, 92.8%, and 94.8% on treatment with 0.5 μM danusertib for 4, 8, 12, 24, 48, and 72 hours, respectively (*P*\<0.001, [Figure 3A and B](#f3-dddt-9-1293){ref-type="fig"}). Similarly, the percentage of NCI-N78 cells in G~2~/M phase increased from 15.4% at the basal level to 28%, 39.5%, 68.0%, 79.0%, and 77.7% when the cells were incubated with 0.5 μM danusertib for 8, 12, 24, 48, and 72 hours, respectively (*P*\<0.001, [Figure 3A and B](#f3-dddt-9-1293){ref-type="fig"}). In contrast, the percentage of AGS cells in G~1~ phase was decreased from 53.4% at the basal level to 38.6%, 25.6%, 22.0%, 9.9%, 2.4%, and 1.5% on exposure to 0.5 μM danusertib for 4, 8, 12, 24, 48, and 72 hours, respectively ([Figure 3A and B](#f3-dddt-9-1293){ref-type="fig"}). For NCI-N78 cells, the percentage of cells in G~1~ phase decreased from 73.5% at the basal level to 68.6%, 59.1%, 45.2%, 22.6%, 15.1%, and 15.3% after incubation with 0.5 μM danusertib for 4, 8, 12, 24, 48, and 72 hours, respectively ([Figure 3A and B](#f3-dddt-9-1293){ref-type="fig"}). Taken together, these results show that danusertib induces cell cycle arrest in G~2~/M phase in human gastric cancer AGS and NCI-N78 cells in a time-dependent and concentration-dependent manner.

Danusertib increases expression of p53, p21 Waf1/Cip1, and p27 Kip1 and decreases expression of cyclin B1 and CDC2 in AGS and NCI-N78 cells
-------------------------------------------------------------------------------------------------------------------------------------------

After finding that danusertib had a marked inducing effect on cell cycle arrest in G~2~/M phase in AGS and NCI-N78 cells, we further examined the expression level of key regulators responsible for G~2~ to M phase checkpoint using the Western blotting assay to explore the possible mechanisms for danusertib-induced cell cycle arrest in both cell lines. As shown in [Figure 4A and B](#f4-dddt-9-1293){ref-type="fig"}, treatment with danusertib significantly inhibited expression of positive regulators but enhanced the negative regulators responsible for the G~2~ to M phase transition. Incubating AGS cells with danusertib 0.1 and 0.5 μM for 24 hours led to a 31% and 46% decrease in CDC2 expression and to a 51% and 53% reduction in cyclin B1 expression, respectively ([Figure 4A and B](#f4-dddt-9-1293){ref-type="fig"}). Similarly, treating NCI-N78 cells with 0.5 μM danusertib resulted in a 45% decrease in expression of CDC2. There was also a 75% and 70% reduction in expression of cyclin B1 when NCI-N78 cells were treated with danusertib 0.1 and 0.5 μM for 24 hours, respectively ([Figure 4A and B](#f4-dddt-9-1293){ref-type="fig"}). These results indicate that downregulation of CDC2 and cyclin B1 expression contributes, at least in part, to the inhibitory effect of danusertib on cell growth in AGS and NCI-N78 cells.

p21 Waf1/Cip1 and p27 Kip1 act as inhibitors of cell cycle progression by inhibiting the activity of cyclin-dependent kinases in association with CDK/cyclin complexes.[@b22-dddt-9-1293],[@b23-dddt-9-1293] p53 is a tumor suppressor protein that plays a major role in the cellular response to DNA damage and other genomic aberrations,[@b24-dddt-9-1293] and activation of p53 can lead to either cell cycle arrest and DNA repair or apoptosis. Therefore, to further investigate the possible mechanisms for the cell cycle arrest-inducing effect of danusertib in AGS and NCI-N78 cells, p21 Waf1/Cip1, p27 Kip1, and p53 expression levels were evaluated in both cell lines when treated with danusertib 0.01, 0.1, and 0.5 μM for 24 hours ([Figure 4A and B](#f4-dddt-9-1293){ref-type="fig"}). In comparison with the control, the expression levels were increased 2.2-fold and 2.7-fold for p21 Waf1/Cip1, 1.4-fold and 1.5-fold for p27 Kip1, and 3.3-fold and 3.5-fold for p53 in AGS cells when treated with danusertib 0.1 and 0.5 μM for 24 hours, respectively ([Figure 4A and B](#f4-dddt-9-1293){ref-type="fig"}). In NCI-N78 cells, treatment with danusertib for 24 hours had a similar inducing effect on expression of p21 Waf1/Cip1, p27 Kip1, and p53. Expression levels were increased by 1.4-fold and 1.5-fold for p21 Waf1/Cip1 and by 1.5-fold and 1.7-fold for p27 Kip1 when cells were incubated with danusertib 0.1 and 0.5 μM for 24 hours, respectively ([Figure 4A and B](#f4-dddt-9-1293){ref-type="fig"}). Moreover, treating NCI-N78 cells with 0.5 μM danusertib increased expression of p53 by 1.6-fold ([Figure 4A and B](#f4-dddt-9-1293){ref-type="fig"}). Taken together, these results show that danusertib can upregulate expression of p21 Waf1/Cip1, p27 Kip1, and p53, contributing to the inducing effect of danusertib on cell cycle arrest in AGS and NCI-N78 cells.

Danusertib induces mitochondria-dependent apoptosis in AGS and NCI-N78 cells
----------------------------------------------------------------------------

To explore the role of danusertib in the treatment of gastric cancer further, we examined the effect of danusertib on apoptosis in AGS and NCI-N78 cells using flow cytometry. The results are shown in [Figure 5](#f5-dddt-9-1293){ref-type="fig"}. When AGS and NCI-N78 cells were incubated with danusertib 0.01, 0.1, and 0.5 μM for 24 hours, there was a concentration-dependent increase in apoptosis in both cell lines ([Figure 5A and B](#f5-dddt-9-1293){ref-type="fig"}). Treating AGS cells with danusertib 0.01, 0.1, and 0.5 μM for 24 hours increased the total percentage of apoptotic cells (early and late apoptosis) from 3.7% at the basal level to 7.2%, 9.7%, and 10.1%, and there was a 1.9-fold, 2.6-fold, and 2.7-fold increase in apoptotic AGS cells compared with the control, respectively (*P*\<0.05 or *P*\<0.01, [Figure 5A and B](#f5-dddt-9-1293){ref-type="fig"}). Incubation of NCI-N78 cells with danusertib 0.01, 0.1, and 0.5 μM for 24 hours increased the total proportion of apoptotic cells from 5.1% at the basal level to 7.5%, 11%, and 11.7%, respectively. In comparison with the control, there was a 1.5-fold and 1.6-fold increase in the proportion of apoptotic NCI-N78 cells in response to treatment with danusertib 0.1 and 0.5 μM, respectively (*P*\<0.01 or *P*\<0.001, [Figure 5A and B](#f5-dddt-9-1293){ref-type="fig"}). The results clearly show that danusertib induces apoptotic cell death in AGS and NCI-N78 cells.

In order to explore the possible mechanisms for the apoptosis-inducing effect of danusertib in AGS and NCI-N78 cells, we first tested the effect of danusertib on expression of the proapoptotic protein Bax and the antiapoptotic proteins Bcl-2 and Bcl-xl in these two cell lines. As shown in [Figure 6](#f6-dddt-9-1293){ref-type="fig"}, treatment with danusertib markedly increased the expression of Bax, while reducing the expression of Bcl-xl and Bcl-2 in both cell lines. Incubating AGS and NCI-N78 cells with danusertib 0.5 μM for 24 hours resulted in a 1.3-fold and 1.4-fold increase in the expression of Bax, respectively (*P*\<0.05, [Figure 6A and B](#f6-dddt-9-1293){ref-type="fig"}). In contrast, expression of Bcl-xl and Bcl-2 decreased by 43.9% and 57.7% when AGS cells were treated with danusertib 0.5 and 0.1 μM for 24 hours, respectively (*P*\<0.05, [Figure 6A and B](#f6-dddt-9-1293){ref-type="fig"}). In NCI-N78 cells, expression of Bcl-xl decreased by 26.8% when cells were treated with 0.5 μM danusertib; expression of Bcl-2 was reduced by 28% and 31% when cells were treated with danusertib 0.1 and 0.5 μM, respectively (*P*\<0.05, [Figure 6A and B](#f6-dddt-9-1293){ref-type="fig"}). Moreover, given the negative regulatory effect of PUMA on antiapoptotic proteins, the effect of danusertib on expression of PUMA was also examined. Incubation of AGS and NCI-N78 cells with 0.5 μM danusertib increased the expression of PUMA by 1.7-fold and 1.5-fold (*P*\<0.05, [Figure 6A and B](#f6-dddt-9-1293){ref-type="fig"}).

The effect of danusertib on the mitochondria-related apoptotic pathway was examined further in AGS and NCI-N78 cells. Release of cytochrome c from the mitochondria to the cytosol is the early event and initiates the caspase-dependent apoptotic cascade, with caspase cascade been activated.[@b25-dddt-9-1293] As such, we examined the effect of treatment with danusertib on release of cytochrome c from the mitochondria to the cytosol in AGS and NCI-N78 cells. Treatment of these cells with danusertib for 24 hours significantly increased the amount of cytosolic cytochrome c and increased the levels of c-caspase 9 and c-caspase 3 ([Figure 6A and B](#f6-dddt-9-1293){ref-type="fig"}). Taken together, these results indicate that danusertib induces mitochondria-dependent apoptosis in AGS and NCI-N78 cells.

Danusertib induces autophagy in AGS and NCI-N78 cells via inhibition of the PI3K/Akt/mTOR signaling pathway
-----------------------------------------------------------------------------------------------------------

After observing danusertib-induced apoptosis in AGS and NCI-N78 cells, we next examined the effect of danusertib on type II programmed cell death, ie, autophagy, in these cell lines. Flow cytometry and confocal fluorescence microscopy were performed to determine the level of autophagy in AGS and NCI-N78 cells. As shown in [Figure 7](#f7-dddt-9-1293){ref-type="fig"}, incubation of AGS and NCI-N78 cells with danusertib for 24 hours increased the percentage of autophagic cells in a concentration-dependent manner. The percentage of autophagic cells at the basal level was 2.7% and 4.7% for AGS and NCI-N78 cells, respectively. Compared with the control, treating AGS cells with 0.1 and 0.5 μM danusertib resulted in a 7.9-fold and 7.8-fold increase in the percentage of autophagic cells, respectively (*P*\<0.001, [Figure 7A and B](#f7-dddt-9-1293){ref-type="fig"}). Similarly, treatment of NCI-N78 cells with danusertib 0.1 and 0.5 μM for 24 hours led to a 3.4-fold and 4.4-fold increase in the percentage of autophagic cells, respectively ([Figure 7A and B](#f7-dddt-9-1293){ref-type="fig"}). We further confirmed the autophagy-inducing effect of danusertib in AGS and NCI-N78 cells using confocal microscopy. The results indicate that treatment with danusertib significantly increased the autophagy level in a concentration-dependent manner in AGS and NCI-N78 cells ([Figure 8A and B](#f8-dddt-9-1293){ref-type="fig"}). There was a 1.4-fold and 1.6-fold increase in autophagy of AGS cells in response to treatment with danusertib 0.1 and 0.5 μM for 24 hours, respectively, when compared with the control ([Figure 8A and B](#f8-dddt-9-1293){ref-type="fig"}). Similarly, in comparison with the control, there was a 2.8-fold and 3.1-fold increase in autophagy when NCI-N78 cells were treated with danusertib 0.1 and 0.5 μM for 24 hours, respectively ([Figure 8A and B](#f8-dddt-9-1293){ref-type="fig"}). These results indicate that danusertib induces autophagy in both AGS and NCI-N78 cells.

Next, we explored the possible mechanisms for the autophagy-inducing effect of danusertib in AGS and NCI-N78 cells. It has been reported that PI3K/Akt/mTOR signaling plays a critical role in regulation of autophagy, and targeting PI3K/Akt/mTOR signaling has been proposed to be a promising strategy for cancer therapy.[@b26-dddt-9-1293]--[@b28-dddt-9-1293] Therefore, we initially examined phosphorylation of PI3K at Tyr458, AMPK at Thr172, and p38 MAPK at Thr180/Tyr182, which are upstream signaling molecules regulating the Akt/mTOR pathway and have an important role in regulation of cell survival and cell death.[@b29-dddt-9-1293],[@b30-dddt-9-1293] Treatment of the cells with danusertib significantly inhibited phosphorylation of PI3K at Tyr458, but did not significantly affect expression of total phosphatidylinositol-4 5-bisphosphate 3-kinase when compared with the control. The ratio of p-PI3K over PI3K was decreased in AGS and NCI-N78 cells in a concentration-dependent manner in response to treatment with danusertib ([Figure 9A and B](#f9-dddt-9-1293){ref-type="fig"}, respectively). There was a 45.0% and 52.0% decrease in the p-PI3K/PI3K ratio when AGS cells were treated with danusertib 0.1 and 0.5 μM for 24 hours compared with the control, respectively (*P*\<0.01; [Figure 9A and B](#f9-dddt-9-1293){ref-type="fig"}). In NCI-N78 cells, the ratio of p-PI3K over PI3K was decreased by 34% and 38% in response to 24 hours of treatment with danusertib 0.1 and 0.5 μM, respectively, when compared with the control (*P*\<0.05; [Figure 9B](#f9-dddt-9-1293){ref-type="fig"}).

Phosphorylation at Thr172 is required for activation of AMPK, which has a promoting effect on autophagy.[@b31-dddt-9-1293] Under certain circumstances, AMPK promotes autophagy by directly activating Unc-51-like kinase 1 via phosphorylation of Ser317 and Ser777.[@b32-dddt-9-1293] As shown in [Figure 9A and B](#f9-dddt-9-1293){ref-type="fig"}, danusertib had a promoting effect on phosphorylation of AMPK at Thr172 in both cell lines, whereas there was no significant change in expression of total AMPK when compared with the control cells. Therefore, with increasing concentrations of danusertib, an increased ratio of p-AMPK over AMPK was observed in AGS and NCI-N78 cells. In AGS cells, there was a 1.6-fold increase in the p-AMPK/AMPK ratio in response to treatment with 0.5 μM danusertib for 24 hours (*P*\<0.05, [Figure 9A and B](#f9-dddt-9-1293){ref-type="fig"}). Similarly, treatment of NCI-N78 cells with 0.5 μM danusertib was associated with a 1.7-fold increase in the ratio of p-AMPK over AMPK (*P*\<0.05, [Figure 9A and B](#f9-dddt-9-1293){ref-type="fig"}).

p38 MAPK has an important role in the regulation of cellular responses to various stimuli.[@b33-dddt-9-1293] In contrast with the promoting effects with regard to phosphorylation of AMPK, danusertib inhibited the activation of p38 MAPK at Thr180/Tyr182 in both AGS and NCI-N78 cells ([Figure 9A and B](#f9-dddt-9-1293){ref-type="fig"}). In AGS cells, there was a concentration-dependent inhibition of phosphorylation of p38 MAPK at Thr180/Tyr182, without significant changes in expression of total p38 MAPK, when compared with the control cells. The ratio of p-p38 MAPK over p38 MAPK was decreased by 36% and 37% in response to treatment with danusertib 0.1 and 0.5 μM for 24 hours, respectively (*P*\<0.05, [Figure 9A and B](#f9-dddt-9-1293){ref-type="fig"}). In comparison with the control cells, incubation of NCI-N78 cells with danusertib 0.1 and 0.5 μM resulted in a 45% and 37% decrease in the p-p38 MAPK/p38 MAPK ratio (*P*\<0.05, [Figure 9A and B](#f9-dddt-9-1293){ref-type="fig"}). These findings indicate that inhibition of phosphorylation of PI3K and p38 MAPK but promotion of phosphorylation of AMPK might contribute to the autophagy-inducing effect of danusertib in AGS and NCI-N78 cells.

Having determined the regulatory effects of danusertib on PI3K, AMPK, and p38 MAPK, we next evaluated the effect of danusertib on phosphorylation of Akt at Ser473 and mTOR at Ser2448 and on expression of PTEN in AGS and NCI-N78 cells ([Figure 9A](#f9-dddt-9-1293){ref-type="fig"}). As a downstream effector of PI3K, Akt is involved in regulation of various signaling pathways involved in cell metabolism, proliferation, survival, growth, and angiogenesis.[@b34-dddt-9-1293] Akt can activate mTOR at Ser2448, which plays a key role in cell growth, autophagic cell death, and homeostasis.[@b35-dddt-9-1293] PTEN is a negative regulator of PI3K and inhibits Akt/mTOR and MAPK signaling, leading to inhibition of cell growth and cell death.[@b36-dddt-9-1293] The results show that danusertib inhibited activation of Akt at Ser473 without a significant change in expression of total Akt in either cell line ([Figure 9A and B](#f9-dddt-9-1293){ref-type="fig"}). The ratio of p-Akt over Akt was decreased by 34.0% and 31.0% when AGS cells were treated with danusertib 0.1 and 0.5 μM for 24 hours, compared with control cells. Similarly, the ratio of p-Akt over Akt was decreased by 55.0% and 62.0% in NCI-N78 cells treated with danusertib 0.1 and 0.5 μM, respectively ([Figure 9A and B](#f9-dddt-9-1293){ref-type="fig"}). Expression of PTEN was significantly increased in AGS and NCI-N78 cells treated with danusertib ([Figure 9](#f9-dddt-9-1293){ref-type="fig"}). In addition, exposure of these cells to danusertib resulted in a marked decrease in phosphorylation of mTOR at Ser2448, whereas there was no significant change in expression of total mTOR in these two cell lines. The ratio of p-mTOR over mTOR decreased by 42.0% when AGS cells were treated with danusertib 0.5 μM for 24 hours ([Figure 9A and B](#f9-dddt-9-1293){ref-type="fig"}). In NCI-N78 cells, the p-mTOR/mTOR ratio decreased by 27.0% and 32.0% in response to treatment with danusertib 0.1 and 0.5 μM for 24 hours, respectively ([Figure 9A and B](#f9-dddt-9-1293){ref-type="fig"}).

Beclin 1 and LC3 are two important markers of vesicle expansion and formation during the autophagy process.[@b37-dddt-9-1293]--[@b39-dddt-9-1293] Therefore, we evaluated the effect of danusertib on expression of beclin 1, LC3-I, and LC3-II in AGS and NCI-N78 cells. Treating the cells with danusertib significantly increased the expression of beclin 1 and conversion of LC3-I to LC3-II in AGS and NCI-N78 cells ([Figure 9](#f9-dddt-9-1293){ref-type="fig"}). There was a 1.4-fold and 1.4-fold increase in expression of beclin 1 in AGS cells treated with 0.1 and 0.5 μM danusertib for 24 hours (*P*\<0.05, [Figure 9A and B](#f9-dddt-9-1293){ref-type="fig"}). In NCI-N78 cells, there was a 1.3-fold, 1.5-fold, and 1.5-fold increase in expression of beclin 1 in response to treatment with 0.01, 0.1, and 0.5 μM danusertib for 24 hours, respectively (*P*\<0.05 or *P*\<0.01, [Figure 9A and B](#f9-dddt-9-1293){ref-type="fig"}). In addition, there was a marked increase in expression of LC3-II in both AGS and NCI-N78 cells ([Figure 9A and B](#f9-dddt-9-1293){ref-type="fig"}). Compared with control cells, there was a 1.3-fold increase in the ratio of LC3-II/LC3-I when AGS cells were treated with danusertib 0.5 μM for 24 hours (*P*\<0.05 or *P*\<0.01, [Figure 9A and B](#f9-dddt-9-1293){ref-type="fig"}). In NCI-N78 cells, treatment with danusertib 0.1 and 0.5 μM resulted in a 3.6-fold and 3.5-fold increase in the ratio of LC3-II/LC3-I, respectively (*P*\<0.001, [Figure 9A and B](#f9-dddt-9-1293){ref-type="fig"}). These results indicate that danusertib-induced autophagy in AGS and NCI-N78 cells is, at least in part, ascribed to inhibition of the PI3K/Akt/mTOR signaling pathway.

SB202190 and WM enhance danusertib-induced autophagy in AGS and NCI-N78 cells
-----------------------------------------------------------------------------

Our data indicate danusertib-induced autophagy involving the PI3K/Akt/MTOR signaling pathway. To confirm the mechanism for the proautophagic effect of danusertib in AGS and NCI-N78 cells, we used SB202190 and WM and examined the autophagy level using flow cytometry and confocal microcopy. SB202190 is a p38 MAPK-selective inhibitor that can induce formation of autophagic vacuoles through cross-inhibition of the PI3K/mTOR pathway.[@b40-dddt-9-1293] WM is a well-known PI3K inhibitor. Incubation of SB202190 and WM at 10 μM significantly enhanced danusertib-induced autophagy when compared with the control cells treated with danusertib alone ([Figure 10A and B](#f10-dddt-9-1293){ref-type="fig"}). In AGS cells, both SB202190 and WM at 10 μM significantly increased danusertib-induced autophagy by 41.8% and 20.2%, respectively, when compared with the control cells treated with danusertib alone ([Figure 10A and B](#f10-dddt-9-1293){ref-type="fig"}). Similarly, in NCI-N78 cells, SB202190 and WM at 10 μM significantly increased danusertib-induced autophagy by 41.2% and 14.5%, respectively, compared with the control cells treated with danusertib alone ([Figure 10A and B](#f10-dddt-9-1293){ref-type="fig"}). Likewise, the confocal microscopy results showed that SB202190 and WM at 10 μM significantly enhanced danusertib-induced autophagy compared with the control cells treated with danusertib alone ([Figure 11A and B](#f11-dddt-9-1293){ref-type="fig"}). Taken together, the results suggest danusertib-induced autophagy in AGS and NCI0N78 cells involving signaling pathways mediated by PI3K and p38 MAPK.

Danusertib inhibits the EMT phenotype in AGS and NCI-N78 cells
--------------------------------------------------------------

We also examined the effect of danusertib on EMT in AGS and NCI-N78 cells. It has been well recognized that EMT is a critical process involved in the initiation, growth, invasion, and metastasis of cancer, and that inhibition of EMT can result in tumor regression.[@b41-dddt-9-1293] Reduction in expression of cell adhesion molecules drives EMT with the involvement of a number of key functional proteins, such as E/N-cadherin, snail, slug, vimentin, claudin 1, and β-catenin.[@b42-dddt-9-1293] Herein, we examined the effect of treatment with danusertib on EMT-associated markers in AGS and NCI-N78 cells using Western blotting assays. As shown in [Figure 12A and B](#f12-dddt-9-1293){ref-type="fig"}, incubation of AGS cells with danusertib resulted in a marked increase in expression of E-cadherin and a decrease in expression of N-cadherin. In comparison with the control cells, there was a 1.3-fold and 1.5-fold increase in expression of E-cadherin and a 47.0% and 52.0% decrease in expression of N-cadherin, when AGS cells were treated with danusertib 0.1 and 0.5 μM, respectively (*P*\<0.05 or *P*\<0.01, [Figure 12A and B](#f12-dddt-9-1293){ref-type="fig"}). In NCI-N78 cells, there was a 1.5-fold increase in expression of E-cadherin in response to treatment with 0.5 μM danusertib (*P*\<0.05, [Figure 12A and B](#f12-dddt-9-1293){ref-type="fig"}). Meanwhile, expression of N-cadherin was decreased by 39% and 37% when NCI-N78 cells were treated with danusertib 0.1 and 0.5 μM (*P*\<0.01, [Figure 12A and B](#f12-dddt-9-1293){ref-type="fig"}).

We next examined the expression of snail and slug, which are suppressors of E-cadherin in EMT.[@b42-dddt-9-1293] As shown in [Figure 12](#f12-dddt-9-1293){ref-type="fig"}, danusertib significant reduced the expression of snail and slug in both cell lines ([Figure 12](#f12-dddt-9-1293){ref-type="fig"}). In AGS cells, treatment with danusertib 0.1 and 0.5 μM resulted in a 76% and 70% reduction in expression of snail, respectively, compared with control cells (*P*\<0.01, [Figure 12A and B](#f12-dddt-9-1293){ref-type="fig"}), and incubation of cells with 0.5 μM danusertib caused a 62% decrease in expression of slug when compared with control cells (*P*\<0.05, [Figure 12A and B](#f12-dddt-9-1293){ref-type="fig"}). Similarly, in comparison with the control cells, there was a 28% and 27% decrease in expression of snail when NCI-N78 cells were treated with 0.1 and 0.5 μM danusertib, and there was a 42% decrease in expression of slug when NCI-N78 cells were treated with 0.5 μM danusertib ([Figure 12A and B](#f12-dddt-9-1293){ref-type="fig"}).

Vimentin is a type III intermediate filament protein expressed in mesenchymal cells,[@b42-dddt-9-1293] and β-catenin can serve as an integral component of a protein complex in adherens junctions involved in regulation of EMT.[@b42-dddt-9-1293] Treatment of cells with danusertib 0.1 and 0.5 μM decreased expression of vimentin in NCI-N78 cells by 50% and 44%, respectively (*P*\<0.05; [Figure 12B](#f12-dddt-9-1293){ref-type="fig"}), but did not significantly alter expression of vimentin in AGS cells (*P*=0.078; [Figure 12A](#f12-dddt-9-1293){ref-type="fig"}). There was a significant 41% and 43% reduction in expression of β-catenin in AGS cells treated with danusertib 0.1 and 0.5 μM, respectively, for 24 hours. However, we did not observe a significant reduction in expression of β-catenin in NCI-N78 cells. Moreover, treatment with danusertib 0.5 μM significantly increased the expression of claudin 1 in NCI-N78 cells, but not in AGS cells. Taken together, the results show an inhibitory effect of danusertib on EMT in AGS and NCI-N78 cells.

Discussion
==========

Gastric cancer often responds poorly to current therapies, with an unfavorable clinical outcome that requires novel therapies for an improved therapeutic outcome. The Aurora kinases have been proposed to be promising therapeutic targets in the treatment of cancer.[@b43-dddt-9-1293] Recently, a number of small molecules have been developed as Aurora kinase inhibitors.[@b44-dddt-9-1293] Danusertib is a pan-Aurora kinase inhibitor exhibiting a potent effect in various types of cancer. In the present study, we observed a potent inhibitory effect of danusertib on cell proliferation in two gastric cancer cell lines, ie, AGS and NCI-N78. We found that danusertib induces cell cycle arrest and promotes cell apoptosis and autophagy, with involvement of signaling pathways mediated by PI3K/Akt/mTOR, p38 MAPK, and AMPK in AGS and NCI-N78 cell lines. In addition, danusertib inhibits the EMT-like phenotype in both cell lines.

The Aurora family consist of AURKA/B/C with different cellular localizations and functions.[@b7-dddt-9-1293],[@b45-dddt-9-1293] They have important roles in the regulation of chromosome assembly and segregation during mitosis.[@b7-dddt-9-1293] As key cell cycle regulators, the Aurora kinases regulate G~2~/M transition. Inhibition of the activity and/or expression of Aurora kinases leads to G~2~/M arrest and apoptosis, whereas ectopic expression allows cells to bypass the G~2~/M DNA damage checkpoint.[@b46-dddt-9-1293] Abnormalities in the activity and expression of Aurora kinases have been closely associated with the initiation, development, and progression of a variety of human malignancies, including gastric cancer.[@b12-dddt-9-1293],[@b14-dddt-9-1293],[@b47-dddt-9-1293],[@b48-dddt-9-1293] Recently, danusertib, a small ATP-competitive molecule that inhibits AURKA/B/C, has entered Phase II clinical trials for patients with solid tumors.[@b20-dddt-9-1293] Danusertib has a strong inhibitory effect on AURKA, as determined by inhibition of autophosphorylation at Thr288, and also on AURKB, as determined by inhibition of its substrate histone H3 at position Ser10.[@b49-dddt-9-1293],[@b50-dddt-9-1293]

In the present study, we found that danusertib arrested AGS and NCI-N78 cells during G~2~/M phase in a concentration-dependent manner. The CDC2-cyclin B1 complex is pivotal in the regulation of G~2~/M phase transition and mitosis. We observed a significant decrease in expression of cyclin B1 and CDC2 in AGS and NCI-N78 cells treated with danusertib, which explains the inducing effect of danusertib on G~2~/M phase arrest in both cell lines. It has been reported that p21 Waf1/Cip1, a cyclin-dependent kinase inhibitor regulated by p53, can bind to the CDK1/CDC2-cyclin B1 complex, thereby inducing cell cycle arrest.[@b22-dddt-9-1293],[@b23-dddt-9-1293] The findings of the present study show that expression of p53, p27 Kip1, and p21 Waf1/Cip1 was increased in AGS and NCI-N78 cells treated with danusertib, which probably contributes to the inhibitory effect of danusertib on cell proliferation and inducing effect on cell cycle arrest. The results indicate that upregulation of p53, p21 Waf1/Cip1, and p27 Kip1 expression by danusertib may result in arrest of G~2~ phase in AGS and NCI-N78 cell lines.

Accumulating evidence shows that manipulating apoptosis by modulation of the key regulators of apoptosis is a promising therapeutic strategy in the treatment of cancer.[@b51-dddt-9-1293],[@b52-dddt-9-1293] It has been shown that apoptosis can be activated by two main pathways, ie, the extrinsic death receptor pathway and the intrinsic mitochondria/cytochrome c-mediated pathway activating the caspase family.[@b25-dddt-9-1293],[@b53-dddt-9-1293] In the present study, we observed a concentration-dependent proapoptotic effect of danusertib on AGS and NCI-N78 cells. It has been shown that disruption of the mitochondria and subsequent release of cytochrome c initiate the process of apoptosis, which is triggered by proapoptotic members of the Bcl-2 family but antagonized by antiapoptotic members of this family.[@b25-dddt-9-1293] In the present study, the increase in cytosolic cytochrome c may be attributed to the increased expression of Bax and decreased expression of Bcl-xl and Bcl-2 when AGS and NCI-N78 cells were treated with danusertib. Further, it has been demonstrated that antiapoptotic members of the Bcl-2 family can be negatively regulated by post-translational modification and/or by increased expression of PUMA, an essential regulator of p53-mediated cell apoptosis.[@b25-dddt-9-1293] It has also been reported that p53 plays an important role in AURKB inhibitor-mediated apoptosis.[@b54-dddt-9-1293] In addition, cytosolic cytochrome c triggers the caspase cascade.[@b25-dddt-9-1293] In the present study, our findings suggest that the increased cytosolic level of cytochrome c subsequently activates caspase 9. Activated caspase 9 in turn activates caspase 3, which ultimately induces apoptosis via a decrease in the Bcl-2 level. These results indicate that danusertib induces mitochondria-dependent apoptosis in both AGS and NCI-N78 cells, with involvement of p53.

The role of autophagy in the survival and death of cancer cells is controversial.[@b55-dddt-9-1293] Autophagy is an important type of programmed cell death involving the engulfment and degradation of nonessential or abnormal cellular organelles and proteins in living cells.[@b29-dddt-9-1293],[@b30-dddt-9-1293] Autophagy has two primary and opposing functions, including cytoprotective and cytotoxic effects,[@b55-dddt-9-1293]--[@b57-dddt-9-1293] which renders the role of autophagy unclear in the treatment of cancer. The PI3K/Akt/mTOR signaling pathway is central to the regulation of cell growth, motility, protein synthesis, survival, and metabolism in response to a variety of stimuli.[@b25-dddt-9-1293],[@b53-dddt-9-1293],[@b58-dddt-9-1293] PI3K activates the serine/threonine kinase Akt, which in turn leads to the phosphorylation and activation of the serine/threonine kinase mTOR through a cascade of regulators.[@b58-dddt-9-1293] In the present study, danusertib induced autophagy in both AGS and NCI-N78 cells, and this may contribute to its anticancer effect. Inhibition of the PI3K/Akt/mTOR signaling pathway contributes to the autophagy-inducing effect of danusertib in AGS and NCI-N78 cells. The role of autophagy in cancer treatment is multifarious, which can function as a tumor suppressor at early stage of tumor development but can also be used by cancer cells as a cytoprotection mechanism to promote survival in established tumors, thus, it needs to be further elucidated.[@b29-dddt-9-1293],[@b30-dddt-9-1293]

AMPK and p38 MAPK are upstream regulators of Akt/mTOR. It has been demonstrated that AMPK is an important regulator of cell death via activation of Janus kinase and p53 and via inhibition of mTOR.[@b30-dddt-9-1293] In our study, there was significant activation of AMPK in response to treatment with danusertib, which may contribute to inhibition of mTOR. Further, p38 MAPK is responsive to stress stimuli, such as cytokines, ultraviolet irradiation, heat shock, and osmotic shock, and regulates cell differentiation, apoptosis, and autophagy.[@b25-dddt-9-1293],[@b30-dddt-9-1293] We found that danusertib significantly suppressed the phosphorylation of p38 MAPK. Notably, SB202190, a p38 MAPK inhibitor, markedly increased the degree of apoptotic and autophagic cell death. Taken together, both AMPK and p38 MAPK play important roles in danusertib-induced autophagy in gastric cancer cells.

In addition, our findings show that danusertib significantly suppressed EMT in AGS and NCI-N78 cells. EMT, which is characterized by a gain in mesenchymal cell markers and a loss of epithelial markers,[@b59-dddt-9-1293] plays an important role in progression, metastasis, and drug resistance in various solid tumors, including cutaneous, prostatic, mammary, hepatic, gastric, pancreatic, and colorectal cancers.[@b60-dddt-9-1293],[@b61-dddt-9-1293] It has been reported that AURKA promotes EMT in breast cancer.[@b62-dddt-9-1293] Thus, an Aurora kinase inhibitor should be able to suppress EMT. The findings of our present study show that danusertib significantly increases the expression of E-cadherin but decreases the expression of N-cadherin. Previously, it has been reported that EMT-inducing transcription factors, including Twist, snail, slug, Zeb-1, and Zeb-2, induce dramatic spreading and morphological changes in gastric cancer cells via suppression of E-cadherin and induction of mesenchymal markers.[@b63-dddt-9-1293],[@b64-dddt-9-1293] In agreement with a previous study, we found that treatment with danusertib inhibited the expression of snail and slug in AGS and NCI-N78 cells. Notably, danusertib significantly increased the expression of claudin 1 but decreased the expression of vimentin only in NCI-N78 cells, and significantly inhibited expression of β-catenin only in AGS cells. This may be due to differences in the origin of these cell lines or to cytogenetic and other related factors.

In conclusion, danusertib inhibited cell proliferation, activated the mitochondria-dependent apoptotic pathway, and induced autophagy in human AGS and NCI-N7 cells. Inhibition of PI3K/Akt/mTOR and p38 MAPK along with activation of AMPK signaling pathways is involved in the autophagy-inducing effect of danusertib in AGS and NCI-N7 cells. In addition, danusertib suppressed EMT, contributing to its anticancer effect. Collectively, danusertib may represent a new anticancer drug that kills gastric cancer cells. More studies are needed to reveal the underlying mechanisms involved and other potential targets and to verify the efficacy and safety of danusertib in the treatment of gastric cancer.
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![Chemical structure of danusertib and cytotoxicity of danusertib towards AGS and NCI-N78.\
**Notes:** (**A**) Chemical structure of danusertib and (**B**) viability of AGS and NCI-N78 cells as determined by the MTT assay.\
**Abbreviation:** IC~50~, concentration required for 50% inhibition of growth.](dddt-9-1293Fig1){#f1-dddt-9-1293}

![Danusertib induces cell cycle arrest in G~2~/M phase in AGS and NCI-N78 cells.\
**Notes:** Cells were treated with danusertib at 0.01, 0.1, and 0.5 μM for 24 hours and then subjected to flow cytometry. (**A**) Flow cytometric plots of cell cycle distribution of AGS and NCI-N78 cells and (**B**) bar graphs showing the percentage of NCI-N78 and AGS cells in G~1~, S, and G~2~/M phases. Data represent the mean ± standard deviation of three independent experiments. \*\*\**P*\<0.001 by one-way analysis of variance.\
**Abbreviation:** Dip, diploid; PI, propidium iodide.](dddt-9-1293Fig2){#f2-dddt-9-1293}

![Danusertib arrests AGS and NCI-N78 cells in G~2~/M phase over a 72-hour period.\
**Notes:** Cells were treated with 0.5 μM danusertib for 4, 8, 12, 24, 48, and 72 hours and then subjected to flow cytometry. (**A**) Flow cytometric plots of cell cycle distribution of AGS and NCI-N78 cells and (**B**) bar graphs showing the percentage of AGS and NCI-N78 cells in G~1~, S, and G~2~/M phases. Data represent the mean ± standard deviation of three independent experiments. \*\*\**P*\<0.001 by one-way analysis of variance.\
**Abbreviation:** Dip, diploid; PI, propidium iodide.](dddt-9-1293Fig3){#f3-dddt-9-1293}

![Danusertib downregulates expression of CDK1/CDC2 and cyclin B1 but upregulates expression of p21 Waf1/Cip1, p27 Kip1, and p53.\
**Notes:** AGS and NCI-N78 cells were incubated with danusertib 0.01, 0.1, and 0.5 μM for 24 hours and protein samples were subjected to Western blotting assays. (**A**) Representative blots of CDK1/CDC2, cyclin B1, p21 Waf1/Cip1, p27 Kip1, and p53 and (**B**) bar graphs showing relative expression of CDK1/CDC2, cyclin B1, p21 Waf1/Cip1, p27 Kip1, and p53. β-actin was used as the internal control. Data represent the mean ± standard deviation of three independent experiments. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 by one-way analysis of variance.](dddt-9-1293Fig4){#f4-dddt-9-1293}

![Danusertib induces apoptotic cell death in AGS and NCI-N78 cells.\
**Notes:** AGS and NCI-N78 cells were incubated with danusertib 0.01, 0.1, and 0.5 μM for 24 hours and then subjected to flow cytometry. (**A**) Flow cytometric plots of specific cell populations (live, early apoptosis, and late apoptosis) in AGS and NCI-N78 cells and (**B**) bar graphs showing the percentage of apoptosis of NCI-N78 and AGS cells. Data represent the mean ± standard deviation of three independent experiments. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 by one-way analysis of variance.\
**Abbreviations:** 7AAD, 7-amino-actinomycin D; PE, phycoerythrin; Q1, dead cells.](dddt-9-1293Fig5){#f5-dddt-9-1293}

###### 

Danusertib alters expression of proapoptotic and antiapoptotic proteins in AGS and NCI-N78 cells.

**Notes:** AGS and NCI-N78 cells were incubated with danusertib 0.01, 0.1, and 0.5 μM for 24 hours and the protein samples were subjected to Western blotting assay. (**A**) Representative blots of Bcl-xl, Bcl-2, Bax, PUMA, cytochrome c, c-caspase 9, and c-caspase 3 in AGS and NCI-N78 cells and (**B**) bar graphs showing relative expression levels of Bcl-xl, Bcl-2, Bax, PUMA, cytochrome c, c-caspase 9, and c-caspase 3 in AGS and NCI-N78 cells. β-actin was used as the internal control. Data represent the mean ± standard deviation of three independent experiments. \**P*\<0.05 and \*\**P*\<0.01 by one-way analysis of variance.

**Abbreviations:** Bax, Bcl-2-associated X protein; c-, cleaved; cyto c, cytochrome c; PUMA, p53 upregulated modulator of apoptosis.
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![Danusertib induces autophagy in AGS and NCI-N78 cells, as determined by flow cytometry.\
**Notes:** AGS and NCI-N78 cells were incubated with danusertib 0.01, 0.1, and 0.5 μM for 24 hours and the samples were subjected to flow cytometry. (**A**) Flow cytometric plots showing autophagy of AGS and NCI-N78 cells and (**B**) bar graphs showing the percentage of autophagic NCI-N78 and AGS cells. Data represent the mean ± standard deviation of three independent experiments. \*\*\**P*\<0.001 by one-way analysis of variance.\
**Abbreviation:** DAPI, 4',6-diamidino-2-phenylindole; SSC-A, side scatter-area.](dddt-9-1293Fig7){#f7-dddt-9-1293}

![Danusertib induces autophagy in AGS and NCI-N78 cells, as determined by confocal microscopy.\
**Notes:** AGS and NCI-N78 cells were incubated with danusertib 0.01, 0.1, and 0.5 μM for 24 hours and then subjected to confocal microscopy. (**A**) Representative images showing autophagy of AGS and NCI-N78 cells and (**B**) bar graphs showing the percentage of autophagic AGS and NCI-N78 cells. Data represent the mean ± standard deviation of three independent experiments. Magnification 60×; scale bar 5 μM. \*\**P*\<0.01 and \*\*\**P*\<0.001 by one-way analysis of variance.](dddt-9-1293Fig8){#f8-dddt-9-1293}

###### 

Danusertib alters expression of proautophagic and antiautophagic proteins in NCI-N78 and AGS cells.

**Notes:** AGS and NCI-N78 cells were incubated with danusertib 0.01, 0.1, and 0.5 μM for 24 hours and the protein samples were subjected to Western blotting assay. (**A**) Representative blots of phosphorylation levels of PI3K, AMPK, p38 MAPK, Akt, and mTOR and total levels of PI3K, AMPK, p38 MAPK, Akt, mTOR, PTEN, beclin 1, LC3-I, and LC3-II in NCI-N78 and AGS cells and (**B**) bar graphs showing the ratios of p-PI3K/PI3K, p-AMPK/AMPK, p-p38 MAPK/p38 MAPK, p-Akt/Akt, and p-mTOR/mTOR, and expression of PTEN, beclin 1, LC3-I, and LC3-II in AGS and NCI-N78 cells. β-actin was used as the internal control. Data represent the mean ± standard deviation of three independent experiments. \**P*\<0.05; \*\**P*\<0.01; and \*\*\**P*\<0.001 by one-way analysis of variance.

**Abbreviations:** PI3K, phosphatidylinositol 3-kinase; AMPK, 5′ AMP-activated protein; MAPK, mitogen-activated protein kinase; LC3, light chain 3; Akt, protein kinase B; mTOR, mammalian target of rapamycin; p-, phosphorylated; PTEN, phosphatase and tensin homolog.
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![Danusertib induces autophagy via PI3K-mediated and p38 MAPK-mediated signaling pathways determined by flow cytometry.\
**Notes:** AGS and NCI-N78 cells were pretreated with SB202190 and WM for one hour and then incubated with danusertib for another 24 hours in the presence or absence of 0.5 μM danusertib. The cell samples were subjected to flow cytometry. (**A**) Flow cytometric plots showing autophagy of AGS and NCI-N78 cells and (**B**) bar graphs showing the percentage of autophagic AGS and NCI-N78 cells. Data represent the mean ± standard deviation of three independent experiments. \*\**P*\<0.01 and \*\*\**P*\<0.001 by one-way analysis of variance.\
**Abbreviations:** DAPI, 4',6-diamidino-2-phenylindole; PI3K, phosphatidylinositol 3-kinase; MAPK, mitogen-activated protein kinase; SSC-A, side scatter-area; WM, wortmannin.](dddt-9-1293Fig10){#f10-dddt-9-1293}

![Danusertib induces autophagy via PI3K-mediated and p38 MAPK-mediated signaling determined by confocal microscopy.\
**Notes:** AGS and NCI-N78 cells were pretreated with SB202190 and WM for one hour and then incubated for another 24 hours in the presence or absence of 0.5 μM danusertib. The cell samples were subjected to confocal microscopy. (**A**) Representative images showing autophagy of AGS and NCI-N78 cells and (**B**) bar graphs showing the percentage of autophagic AGS and NCI-N78 cells. Data represent the mean ± standard deviation of three independent experiments. Magnification 60×; scale bar 5 μM. \**P*\<0.05 and \*\*\**P*\<0.001 by one-way analysis of variance.\
**Abbreviations:** PI3K, phosphatidylinositol 3-kinase; MAPK, mitogen-activated protein kinase; WM, wortmannin.](dddt-9-1293Fig11){#f11-dddt-9-1293}

###### 

Danusertib inhibits EMT in AGS and NCI-N78 cells.

**Notes:** AGS and NCI-N78 cells were incubated with danusertib 0.01, 0.1, and 0.5 μM for 24 hours and the protein samples were subjected to Western blotting assay. (**A**) Representative blots showing E-cadherin, N-cadherin, snail, slug, vimentin, β-catenin, and claudin 1 levels in AGS and NCI-N78 cells and (**B**) bar graphs showing relative expression of E-cadherin, N-cadherin, snail, slug, vimentin, β-catenin, and claudin 1 in AGS and NCI-N78 cells. β-actin was used as the internal control. Data represent the mean ± standard deviation of three independent experiments. \**P*\<0.05 and \*\**P*\<0.01 by one-way analysis of variance.

**Abbreviation:** EMT, epithelial to mesenchymal transition.
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